Cerebral ischemia leads to induction of the 70 kDa stress/heat shock protein, hsp70, as well as other proteins characteristic of the stress response (Nowak, 1985; Dienel et al., 1986; Jacewicz et al., 1986; Kiessling et al., 1986; Dwyer et al., 1989; Gonzalez et al., 1989; Magnusson and Wieloch, 1989; Nowak et al., 1990a) . Immunoreactive hsp70 is selectively localized in neurons, most strikingly in hippocampus, although its accumulation is mini mal in the CAl pyramidal cells vulnerable to isch emic injury (Vass et al., 1988; Nowak, 1989) . While these neurons show lasting protein synthesis defi cits following ischemia (Dienel et al., 1980; Kirino and Sano, 1984; Thilmann et al., 1986) , there is ev idence that RNA synthesis is less affected (Yanagi hara, 1976 (Yanagi hara, , 1978 Matsumoto et al., 1987; Kogure et aI., 1988) , suggesting that hsp70 mRNA induction munoreactivity in these cell populations. Pretreatment with a single injection of MK-801 (10 mg/kg) considerably attenuated the induction of hsp70 mRNA in hippocampus at 6 h of recirculation, an effect apparently mediated by persistent drug-induced hypothermia. The drug did not prevent the later, selective appearance of hsp70 hybrid ization in CAl neurons at 24 h, nor did it protect against the subsequent loss of these cells. These results demon strate a prolonged postischemic stress response at the transcriptional level in vulnerable hippocampal neurons, and suggest its utility as a marker for neuronal pathophys iology associated with mechanisms mediating delayed neuronal death. Key Words: Gerbil-Ischemia-Heat shock-Stress protein-hsp70 mRNA.
might provide a better index of the status of the stress response in these cells.
A number of observations are consistent with the suggestion that increased excitatory activity in spe cific neuronal pathways may play a significant role in postischemic neuronal injury (Suzuki et al., 1983; Benveniste et al., 1984; Wieloch et al., 1985; Roth man and Olney, 1986; Johansen et al., 1986; J�rgensen et al., 1987; Chang et al., 1989) . The an ticonvulsant, MK-801, is a potent noncompetitive antagonist of the N-methyl-D-aspartate (NMDA) glutamate receptor subtype (Wong et al., 1986) with demonstrated protective effects against glutamate toxicity and hypoxic/ischemic injury in vitro (Gold berg et al., 1987; Hahn et al., 1988) . Evidence for postischemic neuroprotection in vivo is more con troversial (Gill et al., 1988; Buchan and Pulsinelli, 1990) . Nevertheless, it was of interest to determine whether MK-801 could be used to establish a phar macological link between hsp70 induction and the progress of postischemic neuronal damage.
The present results suggest that prolonged ex pression of hsp70 mRNA provides a useful marker for vulnerable neuron populations that may be of use in evaluating the progression of ischemic injury. Preliminary reports of some of these observations have been presented (Nowak et aI., 1990b; Nowak, 1990 .
MATERIALS AND METHODS
Mongolian gerbils (female, 50-70 g) were obtained from Tumblebrook Farm (West Brookefield, MA, U.S.A.). Ischemia was produced by 5 min of bilateral common carotid artery occlusion under anesthesia with 2% halo thane in 30% 02170% N20, using Heifetz aneurysm clips, according to a protocol approved by the Animal Care and Use Committee, NINDS. Animals were evaluated at re circulation intervals between 3 h and 1 week, in groups of three to five gerbils at each time point unless otherwise noted. In drug studies, MK-801 was administered 30-60 min prior to ischemia by intraperitoneal injection at doses of 0.3 to 10 mg/kg as specified for individual experiments, using a stock solution of 2 mg/ml in saline. The treatment schedule used in these pharmacological studies allowed maintenance of a rectal temperature of 36°C or greater at the time of occlusion. Without continued warming, how ever, there was significant hypothermia in MK-801-treated animals for several hours during recirculation (see the Results section). For comparison, rectal temper atures in some studies were maintained at 37"C during recirculation.
Animals to be used for in situ hybridization were killed by decapitation and the dissected brains were frozen in mounting medium and stored at -70°C. Sections (15 J-LM) were cut on a cryostat at -18°C, collected on polylysine coated slides, and processed for in situ hybridization by modifications of published procedures (Young et aI., 1986; Harper and Marselle, 1987) using commercially available reagents (Oncor, Inc., Gaithersburg, MD, U.S.A.). In brief, sections were fixed for 5 min in 4% paraformaldehyde in phosphate-buffered saline, and rinsed two times each in 70% ethanol and 0.3 M NaCI, 0.03 M Na citrate (2X SSC). Sections were transferred to 0.1 M triethanolamine HCI (pH 8.0) and acetylated with the dropwise addition of acetic anhydride to 0.25% (10 min), followed by a further 30 min incubation in 0.1 M Tris glycine (pH 7.0). Sections were dehydrated through graded ethanol and chloroform, air dried, and prewarmed 10 min in a humidified chamber at 37°C. Hybridization with labeled probe (approximately 0.5 pmol in a volume of 10 J-LlIsection) took place overnight in a mixture that included 2x SSC, 50% formamide, 10% dextran sulfate, 1 mg/ml of salmon sperm DNA, and 5 mM dithiothreitol. Sections were washed for 1 h with several changes of 50% formamide, 2x SSC at 42°C, rinsed with 2x SSC at room temperature, and dehydrated through graded ethanol. Hybridization was visualized by exposure against Kodak SB-5 film for several days, in some cases followed by application of a liquid emulsion and further exposure for 2-4 weeks.
The probe used in these studies was a synthetic oligo nucleotide (30-mer) complementary to the sequence 5'-CC ATG GTG CTG ACC AAG ATG AAG GAG ATC G-3' that corresponds to a region near the 5' end of the hsp70 coding sequence (amino acid residues 122-129 of human hsp70) (Hunt and Morimoto, 1985) . Probes to this region have demonstrated selectivity for an inducible RNA of the hsp70 family that is not expressed at detectable levels in most normal rodent cells (Marini et al., 1990; Nowak et aI., 1990a Gerbils used for histological evaluations consisted of ischemic controls that received only saline or 0.3, 1, 3, or 10 mg/ml of MK-801 at 1 h before 5 min of occlusion (four to five animals per group). Animals were perfusion fixed with 4% paraformaldehyde in 100 mM phosphate buffer (pH 7.4) 1 week after the ischemic insult. Blocks of brain tissue were embedded in paraffin and 8 J-Lm sections were prepared and stained with cresyl violet.
RESULTS
Postischemic hsp70 mRNA induction in hippo campus is documented in Fig. 1 . Strong hybridiza tion was evident in dentate granule cells as well as in all hippocampal pyramidal cell fields within 3 h recirculation. Hsp70 RNA levels declined with a characteristic time course in the several cell popu lations, and hybridization was absent from dentate granule cells and greatly diminished in CA3 neurons by 24 h. The most persistent induction occurred in CAl , which showed significant hybridization through at least 48 h. Hybridization was no longer detected in the CAl sector at 4 days (not shown), by which time the pyramidal neurons had been lost. This temporal and anatomical pattern was highly reproducible, although, for example, the intensity of hsp70 hybridization remaining in CA3 neurons at 24 h varied, consistent with the suggestion that this is a time of rapid loss of hsp70 mRNA in this cell population. Unilateral hippocampal hsp70 induction was observed in 2 of 16 gerbils (13%) evaluated dur ing the interval between 3 and 48 h, when hybrid ization could be routinely detected. Significant in duction was frequently noted in dorsolateral stria tum and in piriform, entorhinal, and neocortical regions through 24 h of recirculation (Fig. 2) . Hy bridization was also variably detected in ependymal cells of animals from all experimental groups with no evident effect of ischemia (Fig. O. Pretreatment with MK-80l significantly attenu ated the increase in hippocampal hsp70 hybridiza tion at 3 and 6 h of recirculation (Fig. 3) , consistent with preliminary results that had shown reduced ac cumulation of immunoreactive hsp70 in CA3 neu rons at 48 h in MK-80l -treated animals (Nowak, 1989) . However, single 10 mg/kg doses of the drug did not prevent a later increase in hsp70 mRNA levels in CAl neurons at 24-48 h (Fig. 3) , nor did it protect against the subsequent loss of these neurons (not shown). The latter observation agrees with re cent studies that fail to support a protective effect of FIG. 1. Distribution and time course of hsp70 mRNA induction in gerbil hippocampus following ischemia. Sections were pre pared from control brains (C) and at the indicated intervals following 5 min of ischemia, hybridized with 35S-labeled oligonu cleotide, and detected by film autoradiography as described in the text. Hybridization could be identified in dentate granule cells (d), CA1 and CA3 pyramidal cell layers, and in overlying cortex (Cx), with a characteristic time course in each region. Hybrid ization was lost from CA1 by 4 days of recirculation, coincident with the disappearance of these cells (not shown). Ependyma (e) showed variable hybridization in all preparations but is most evident in the 3 h animal in this series. Calibration bar, 1 mm.
MK-801 in the gerbil under conditions in which hy pothermia is avoided during the period of ischemia and early recirculation (Buchan and Pulsinelli, 1990) . Persistent hypothermia was observed during recirculation in our initial studies, however, reach ing temperatures of 34.3 ± 1.3°C in one group of experiments in which they were monitored (10 mg! kg of MK-801, 2 h of recirculation, n = 10), and it was considered that hypothermia also may have contributed to the reduced hsp70 induction 3-6 h after ischemia. The experiment was therefore re peated on three ischemic control gerbils and eight gerbils treated as above, but with rectal tempera ture maintained at 36.7 ± 0.3 °C during 4.5 h of recirculation. Comparable hippocampal hsp70 hy bridization was observed in all animals (not shown), J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 confirming that hypothermia was a critical variable in the first study. One finding in gerbils treated with 10 mg/kg of MK-801, independent of postischemic temperature, was a more frequent occurrence of unilateral hsp70 induction. Altogether, 8 of 21 ani mals (3 of 8 normothermic, 5 of 13 hypothermic, 38% of both groups) showed prominent hybridiza tion restricted to one hippocampus, three times the incidence in untreated ischemic animals noted above.
DISCUSSION
The present results complement previous immu nocytochemical studies of postischemic hsp70 ac cumulation, and demonstrate that hsp70 mRNA se- quences are strongly induced in CAl neurons that rarely show significant protein immunoreactivity (Vass et al., 1988; Nowak, 1989) . In other cell pop ulations that do express the protein, there is a con siderable lag between the interval of maximal hsp70 mRNA induction at 3-12 h shown here and in ear lier in vitro translation and blot hybridization stud ies (Nowak, 1985; Nowak et al., 1990a ) and the delayed appearance of hsp70 protein detected by immunocytochemistry, e.g., 48 h in CA3 (Vass et al., 1988; Nowak, 1989) . While definitive experi ments will require in situ hybridization and immu nocytochemistry in sections from the same animals, the present results suggest that there may be a sub stantial interval during which the protein is present but unrecognized by the antibody under conditions employed for fixation and tissue processing. Al though some proteins of the hsp70 family are meth ylated (Wang et al., 1981) , there is no direct evi dence for posttranslation modification of inducible mammalian hsp70 species (Lindquist and Craig, 1988) , and in the gerbil the immunoreactive protein and an in vitro translation product co migrate on two dimensional gel electrophoresis (Nowak, 1985; Vass et al., 1988) . Hsp70 exhibits a nuclear and nucleolar localization during periods of stress (Welch and Suhan, 1986 ) that may limit its detect ability under some conditions. Alternatively, in view of increasing evidence for the association of hsp70 and its homologues with other proteins in the course of their function (Chirico et al., 1988; De shaies et al., 1988; Flynn et al., 1989; Beckman et al., 1990) , it may be speculated that the epitope rec ognized by this selective monoclonal antibody may be masked by such interactions under the present fixation conditions, and its availability thereby re stricted to a relaxation phase following the period of active stress. Further studies using alternative fix ation techniques and other antibodies are necessary to resolve this issue.
The profound and lasting impairment of protein synthesis demonstrated in CAl neurons following ischemia (Dienel et al., 1980; Kirino and Sano, 1984; Thilmann et al., 1986) would be sufficient to explain the absence of hsp70 immunoreactivity in this cell population (Vass et al., 1988) , and could also contribute to the delayed appearance of hsp70 immunoreactivity in other neurons. In this regard, it is of interest that the duration of hsp70 mRNA ex pression observed in a given hippocampal neuron population is proportional to the duration of post ischemic protein synthesis inhibition observed in the same region (Thilmann et aI., 1986) , although recovery of protein synthesis appears to precede loss of hsp70 hybridization by many hours. These results may be compatible with earlier studies in Drosophila cells (DiDomenico et aI., 1982) that demonstrated increased accumulation of hsp70 mRNA under conditions of impaired synthesis of functional hsp70 protein. Conversely, continued hsp70 mRNA expression may reflect a persistent inducing stimulus to specific neurons. The exact mechanisms responsible for prolonged postisch emic hsp70 mRNA expression in vulnerable neu rons, and the relationship between this pathophys iology and the superinduction of many rapidly inducible mRNAs observed following pharma cological suppression of protein synthesis (Green berg et aI., 1986; Ginty et aI., 1990) , remain to be determined.
Hsp70 induction, like that of c-fos (Dragunow and Robertson, 1987; Morgan et aI., 1987; Sagar et aI., 1988; Daval et aI., 1989; Nakajima et aI., 1989) , may provide a marker for some aspect of neuronal activation following ischemia and other insults. hybridization in hippocampus. Early induction at 6 h was greatly attenuated in gerbils that re ceived a single 10 mg/kg of MK-801 injection, Lp., 30 min before ischemia, relative to unin jected ischemic animals (see Fig. 1 ). Later in duction in CA1 at 24 h remained unaffected un der these conditions. Drug-induced hypother mia during recirculation was not controlled in this experiment.
Many stimuli that induce hsp70 also induce c-fos (Andrews et aI., 1987; Gubits and Fairhurst, 1988) , and parallels have been noted in the neuronal dis tribution of hsp70 and c-fos-like immunoreactivity in brain after intraventricular kainic acid adminis tration (Le Gal La Salle, 1988; Vass et aI., 1989) , their largely glial localization after hyperthermia (Sprang and Brown, 1987; Dragunow et aI., 1989; Marini et aI., 1990) , and their induction in both neu rons and glia after traumatic injury (Dragunow and Robertson, 1988; Brown et aI., 1989) . While even brief seizure activity or the stress of sham proce dures can induce c-fos (Daval et aI., 1989; Nakajima et aI., 1989 ), hsp70 appears to require the patholog ical condition of sustained status epilepticus and as sociated neuronal injury for significant induction (Vass et aI., 1989) . It remains to be determined whether hsp70 induction occurs under other condi tions of glutamate receptor activation known to in duce c-fos (Sonnenberg et aI., 1989a) . One report has suggested a delayed expression of c-fos in vul nerable hippocampal CA 1 and dentate hilus neu rons following transient ischemia (J�rgensen et aI., 1989) . However, our own studies have demon strated only transient appearance of c-fos hybrid ization in dentate granule cells, and less strikingly in hippocampal pyramidal neurons, during the first hour of postischemic recirculation in the gerbil (Nowak et aI., 1990b ; J. Ikeda, T. Nakajima, O. Osborne, and T. S. Nowak, Jr., manuscript in prep aration), consistent with the brief time course of c-fos induction observed in blot hybridization stud ies following cerebral ischemia in the rat (Onodera et aI., 1989) . Expression of c-fos is therefore de tected in many of the cell popUlations that subse quently show pronounced hsp70 hybridization. While a specific heat shock regulatory mechanism has been identified that can fully account for the induction of heat shock proteins under many con ditions (Wu et aI., 1987) , multiple potential regula tory elements exist for activating transcription of at least some genes of the hsp70 family (Kingston et aI., 1984; Wu and Morimoto, 1985; Wu et aI., 1986) . Recent studies have suggested a requirement for new protein synthesis in the appearance of heat shock transcription factor activity following moder ate hypothermia, and mUltiple minor components have been detected in factor preparations from hu man cells (Zimarino et aI., 1990) . It is attractive to consider that c-fos expression may be an early com ponent of a cascade of transcriptional activation oc curring in neurons after ischemia that can include the induction of hsp70, analogous to mechanisms that may account for proenkephalin induction fol lowing seizures (Sonnenberg et aI., 1989b) . At the least, hsp70 induction constitutes a relatively sus tained alteration in gene expression that occurs un der many of the conditions that transiently induce c-fos.
The results of the MK-801 experiments do not provide any direct support for involvement of NMDA receptor activation in postischemic hsp70 induction, since the effect of the drug to reduce hsp70 hybridization was abolished when body tem perature was maintained during recirculation. These observations are of interest, however, in that delayed hsp70 mRNA expression still occurred in CAl even when the earlier phases of the response were blunted by drug-induced hypothermia (Fig. 3) , indicating that the signals responsible for hsp70 in duction in these neurons may be present for many hours during recirculation. This persistent increase in hsp70 hybridization in vulnerable neurons strongly suggests a correlation between the lasting transcriptional induction of hsp70 in CAl and sub sequent postischemic cell death. Mechanisms re sponsible for the higher frequency of unilateral in sults in animals treated with MK-801 remain to be identified.
In summary, as observed for protein synthesis deficits (Thilmann et aI., 1986) , the duration of hsp70 mRNA expression in the several hippocampal neuron populations is proportional to their rel ative susceptibility to ischemic injury in animals and humans (Brierley and Graham, 1984; Collins, 1986) , providing a graded response that appears to be closely related to fundamental processes deter mining the course of postischemic neuronal injury and recovery. Resolution of the factors responsible for the delayed appearance of hsp70 protein immu noreactivity will further understanding of the cellu lar physiology of hsp70 in neurons after ischemia, and perhaps other insults. From a practical point of view, the prolonged expression of hsp70 mRNA se quences in CAl neurons after ischemia provides an early biochemical marker that identifies vulnerable cell populations and may be of use in the evaluation of therapeutic approaches.
